Mammalian hair cells do not regenerate, and their loss is a major cause of deafness. We recently identified leucine-rich repeat containing, G-protein-coupled receptor 5 (Lgr5)-expressing cochlear supporting cells with the capacity for self-renewal and hair cell differentiation in vitro. We found that these cells, a subset of cochlear supporting cells, were responsive to Wnt signaling. Here we asked whether these Lgr5-positive cells, despite their lack of contribution to hair cell replacement after degenerative loss, could be driven by forced expression of β-catenin to act as hair cell progenitors in vivo. We showed that forced stabilization of β-catenin in supporting cells in neonatal animals resulted in proliferation of supporting cells and generation of hair cells. Although β-catenin expression was increased by genetic means in all supporting cells, entry to the cell cycle and differentiation to hair cells of the normally postmitotic cells was restricted to the Lgr5-positive population. Our finding suggests that Wnt/β-catenin can drive Lgr5-positive cells to act as hair cell progenitors, even after their exit from the cell cycle and apparent establishment of cell fate.
W nt signaling is required for the maintenance of progenitor cells in tissues such as intestine, skin, the hematopoietic system, and the central nervous system (1) (2) (3) (4) (5) . β-Catenin, the intracellular mediator of canonical Wnt signaling, enters the nucleus to activate transcription of target genes that control key decision points in proliferation and differentiation of stem cells.
Auditory hair cells are surrounded by supporting cells, and these two cell types together constitute the sensory epithelium of the organ of Corti. Supporting cells act as precursors for hair cells in lower vertebrates during hair cell regeneration (6, 7) . Supporting cells in mammals share characteristics with those in lower vertebrates but do not replace hair cells when the inner ear is damaged (8) . Cochlear cells, when placed in culture even from postnatal animals, have been shown to divide and form spheres with the capacity to differentiate into multiple cell types (9) (10) (11) . When isolated and placed in culture, supporting cells divide and differentiate (12) , and Lgr5-expressing supporting cells can be induced to divide (13, 14) and form spheres that can differentiate to hair cells (14) . Wnt/Lgr5 signaling stimulated proliferation of the self-renewing Lgr5-positive progenitor cells in the spheres. Hair cell differentiation was stimulated by up-regulation of Atoh1 (14), a key gene for hair cell differentiation and a target of the Wnt pathway (15) . Lgr5 is a receptor for R-spondins that activate the frizzled-Lrp5/6 complex in conjunction with Wnt and is a marker for adult stem cells in the colon, small intestine, stomach, and hair follicles (16, 17) .
In the present study we found that stabilization of β-catenin in all supporting cells resulted in cell cycle reentry by these specific Lgr5-expressing supporting cells, which then proceeded through differentiation steps characteristic of hair cells.
Results

Forced Stabilization of β-catenin Expanded Pillar Cells and Greater
Epithelial Ridge Cells in Vivo. Lgr5-positive supporting cells have previously been identified as cells that were capable of cell division (13, 14) . The spheres were responsive to Wnt signaling as shown by differentiation to hair cells. Using TOPGAL reporter mice, we found Wnt activity in the cochlea before hair cell and supporting cell development. The activity decreased after birth (Fig. S1 ). Here we tested in a gain-of-function model whether Wnt/β-catenin signals would have an effect on these cells in vivo. We reasoned that although supporting cells exit the cell cycle between E13.5 and E14.5 and remain postmitotic throughout life, exogenous stimulation by Wnt might stimulate dormant progenitor cell activity in supporting cells.
We used Sox2-Cre-ER mice to activate β-catenin constitutively in all supporting cells by crossing to a β-catenin flox(exon3) mouse, in which conditional deletion of exon3 (β-catenin
Δexon3
) blocks β-catenin degradation and induces accumulation of β-catenin. We first examined the Sox2-Cre-ER mice for fidelity of Cre expression and activity by comparison with mice with Sox2-GFP knocked into the same locus. Expression of the reporter in the cross between the Sox2-Cre-ER mouse and the Cre-activated GFP reporter was similar to that of Sox2-GFP (Fig. 1A) . Conditional deletion of β-catenin:exon3 (β-catenin
) using the Sox2-Cre-ER mice resulted in accumulation of β-catenin in Sox2-expressing supporting cells (Fig. S2) . We administered tamoxifen at P1 and dissected the cochlea at P5. Incorporation of BrdU or EdU was observed in the pillar cell region and cells in the greater epithelial ridge (GER) but not in other supporting cells ( Fig. 1 B  and C) . In wild-type littermates, BrdU incorporation was seen only in the Hensen's cell region peripheral to the sensory epithelium ( Fig. 1 B and C) . The number of BrdU-positive cells increased from the base to the apex of the cochlea, and more proliferating cells were seen in mice with two alleles deleted (β-catenin ΔΔexon3 ) than in mice with a single deletion (β-catenin Δexon3 ) (Fig. 1 B and G) . The number of cells in the pillar cell region increased, and expression of p27 Kip1 , a cell cycle inhibitor, was no longer detectable in the expanded cells (Fig. 1D) , although it was still present in the intact outer pillar and Deiters' cells. Supporting cell markers Sox2 ( Fig. 1 C and E) and Prox1 (Fig. 1F) were also decreased in the expanded pillar cells but did not change in the intact outer pillar and Deiters' cells after β-catenin overexpression, suggesting that the recently divided cells had not taken on the phenotype of a mature supporting cell.
New Hair Cells Were Generated from Pillar Cells. Our previous work demonstrated that overexpression of β-catenin in inner ear progenitor cells in culture increased hair cell differentiation after up-regulation of Atoh1 (14) . Using the same model as above for β-catenin overexpression, we assessed pillar cell differentiation toward a hair cell fate. Because Atoh1 is expressed in hair cells but not in supporting cells in neonatal mice, we used mice with an Atoh1 reporter (Atoh1-nGFP) to determine whether the supporting cells initiated Atoh1 expression and differentiation to hair cells upon β-catenin overexpression. Atoh1-positive cells were induced in the pillar cell region by the overexpression of β-catenin based on nGFP (Fig. 2 B-D) , and no ectopic Atoh1-positive cells were seen in the pillar cell region in wild-type littermates ( Fig. 2 A and D) . Quantitative analysis of Atoh1-expressing cells in the pillar cell region (Fig. 2E) revealed that a percentage of the Atoh1-positive cells were labeled for BrdU, indicating that β-catenin expression could generate Atoh1-positive cells whether or not cell division had occurred. Organs of Corti from β-catenin ΔΔexon3 mice had less Atoh1-positive cells but more BrdU incorporation than the organs from β-catenin Δexon3 mice ( Fig. 2 C and E) . These results suggested that high levels of β-catenin increased cell division, whereas lower levels allowed their differentiation toward hair cells. Quantification of supporting cells in the pillar cell region throughout the cochlea revealed that 654 ± 116 (80%) had lost Sox2 expression, 102 ± 55 (10-15%) had retained Sox2 expression similar to a normal organ of Corti, and 71 ± 35 (5-10%) had become Atoh1-positive.
We next tested for other features of hair cells in newly generated cells resulting from β-catenin overexpression. Some of the EdU-positive cells in the pillar cell region expressed the mature hair cell marker myosin VIIa (Fig. 2 F and G) . In addition, they took up FM 1-43, a fluorescent dye that enters hair cells through mechanotransduction channels (Fig. S3) . Expression of β-catenin thus not only pushed the cells into the cell cycle and activated Atoh1 but also induced them to differentiate to hair cells.
The source of the new hair cells was assessed by lineage tracing by crossing the Sox2-Cre-ER mouse to a floxed tdTomato reporter mouse and to the β-catenin flox(exon3) mouse. Supporting cells expressed tdTomato before expansion or differentiation induced by β-catenin overexpression. Tamoxifen was given at P4, and after staining at P7, new hair cells positive for tdTomato and myosin VIIa were seen in the pillar cell area (Fig. 2H) . The new cells expressing hair cell markers had therefore arisen from supporting cells.
We labeled cell junctions for E-cadherin ( Fig. 3 A and B) in an attempt to delineate the supporting cells obtained after β-catenin overexpression. The pillar cell region was expanded after proliferation. Ectopic Atoh1-positive cells arose from the expanded pillar cell region and often appeared as clusters (Fig. 3B) . A scan in the x-z plane at the ectopic Atoh1-positive cells (Fig. 3 A′ and B′) showed that the clusters were at the level of hair cells and consisted of two to three extra cells with Atoh1 expression. The newly divided cells in the pillar cell region had varying levels of Atoh1 expression. Cells with higher GFP expression than that of preexisting hair cells constituted about one-third of the total GFP-expressing cells (Fig. 3 C-F) and accounted for all of the ectopic myosin VIIa-positive cells. Half of the cells with high GFP expression expressed myosin VIIa. Organs of Corti from β-catenin ΔΔexon3 mice contained fewer Atoh1-and myosin VIIapositive cells (Fig. 3E ). When we continued the experiment to a later stage (P9), the ectopic hair cells expressed prestin ( Fig. S4 A-C). It is noteworthy that a few cells expressed both prestin and VGLUT3, suggesting an unusual phenotype, likely due to incomplete signaling that would normally be present for induction of outer and inner hair cell phenotype (Fig. S4C) .
We examined the potential for cell proliferation and differentiation toward a hair cell fate in the mature (P44) undamaged cochlea, using the same model as the neonates for β-catenin overexpression. No new hair cells or EdU-positive cells in the pillar cell region were observed 5 d after treatment (Fig. S5 ).
Inner Pillar Cells Showed Increased Lgr5 Expression and Divided in
Response to β-catenin. The results of E-cadherin staining suggested that the new hair cells were derived from pillar cells, and we have previously identified inner but not outer pillar cells as Lgr5-positive inner ear progenitor cells. We expected that the new cells came from inner pillar cells, but the BrdU-labeled cells were found at both sides of the pillar cell area, adjacent to either outer or inner hair cells. To test their expected origin from Lgr5-positive cells, we used a mouse with GFP and Cre in the Lgr5 locus for overexpression in the Lgr5-expressing subset of supporting cells (Fig. 4A ). To follow Lgr5 expression, we used the GFP in the Lgr5 locus. The Cre mouse was crossed with the Creactivated tdTomato reporter and to the β-catenin flox(exon3) mice. When we overexpressed β-catenin in postmitotic Lgr5-positive cells by administration of tamoxifen at E16.5 and examined the cochlea for Lgr5 expression at P0, we found an expansion of supporting cells (Fig. 4B ). The locus of supporting cell expansion (between outer and inner hair cells) was the same as was found after β-catenin overexpression driven by Sox2, thus confirming that the responsive cells were inner and not outer pillar cells. The expanded supporting cells were positive for proliferating cell nuclear antigen (PCNA), suggesting that the cells had reentered the cell cycle due to the overexpression of β-catenin (Fig. 4D) , whereas PCNA was not observed in the organ of Corti of a wildtype littermate. The expanded supporting cells found upon constitutive expression of β-catenin appeared as isolated clumps that extended from the base to the apex of the cochlea (an average of 76 clumps was observed; Fig. S6 , n = 2), and each clump contained 30-60 cells. In cross-section, 8-10 cells were observed between inner and outer hair cells compared with 2 pillar cells in wild-type animals (Fig. 4C) . The expanded clumps were Lgr5-positive (53 cells per 100 μm), and 10% of the cells expressed Sox2 (Fig. S6) , confirming a supporting cell identity. Some nuclei in the clumps of new cells in the organ of Corti of the β-catenin-overexpressing mice were above the other supporting cells and appeared to have moved adjacent to the hair cell nuclei (Fig. 4C ).
Hair Cells Were Not Affected by β-catenin Expression. To test if hair cells were responsive to Wnt/β-catenin signaling, we expressed β-catenin in hair cells. Gfi1 is expressed in the cochlea starting from E15.5 specifically in hair cells (18) . Tomato reporter was seen in all hair cells in mutants of Gfi1-Cre crossed with Cre-activated tdTomato reporter mice (Fig. 5A ). β-Catenin was expressed in hair cells in Gfi1-Cre mice crossed with β-catenin flox(exon3) mice. No BrdU labeling or changes in the number of hair cells were observed in the β-catenin expression mutants at P1 (Fig. 5B) . These data confirmed that β-catenin increased cell division in inner pillar cells and not hair cells.
Discussion
Mammalian hair cells and supporting cells are postmitotic in adults, and the mammalian inner ear does not regenerate spontaneously after damage. Our data show the induction of both division and differentiation of supporting cells, which led to generation of new hair cells in the postnatal mammalian inner ear. This was achieved by forced activation of the canonical Wnt pathway mediator, β-catenin. Whereas cells isolated from the cochlea have been shown to divide and differentiate in culture (9-12), cell division and subsequent differentiation have not been previously demonstrated in vivo except in epithelial cells adjacent to hair cells in the newborn organ of Corti, where dividing cells were observed after Atoh1 up-regulation (19) . Differentiation to hair cells has been observed after Notch inhibition (20) (21) (22) and manipulation of Atoh1 (19, (23) (24) (25) . Proliferation in response to Atoh1 was not observed in a similar study in mouse cochlear supporting cells (26) , and Atoh1 expression in the developing cochlea coincides with the cessation of cell division. The quiescence of cochlear cells is maintained by cyclindependent kinase inhibitors, p27 Kip1 , p19 Ink4d , and p21 Cip1 , which arrest the cells in G0 (27, 28) . β-Catenin activation promoted mitosis by inhibiting p27 . Cells induced by β-catenin overexpression lost Sox2 expression, as was observed after p27 Kip1 knockout in the cochlea (29) . Wnt function during development is cell-specific and depends on Tcf/Lef cofactor expression, the specific Wnts expressed, coexpression of Wnt inhibitors, and the resultant level of Wnt signaling. The activity of the Wnt pathway is required for diverse functions of stem cells in the regenerative response to damage. In the intestine, Wnt/β-catenin signaling specifies Atoh1-expressing secretory lineage cells, whereas Notch signaling induces Hes1/5-expressing enterocytes. In hematopoietic stem cells, Wnt signaling increases both self-renewal and differentiation in a dose-dependent fashion (30) . Wnt signaling is central to the proliferative program but switches to a role in cell fate specification and differentiation during regeneration. A role for Wnt signaling in both expansion and differentiation of stem cells is an early evolutionary development that is used in regeneration in lower vertebrates (31, 32) and invertebrates (33) .
Supporting cells and epithelial cells adjacent to hair cells in embryonic or newborn mammalian inner ears are converted to hair cells by Atoh1 overexpression (25) . We found here that β-catenin initiated differentiation of supporting cells to Atoh1-positive cells. It also induced myosin VIIa expression and FM 1-43 uptake. We noted that only a small number of Atoh1-positive cells expressed myosin VIIa, and other Atoh1-positive cells may not adopt hair cell fates, as has been suggested in avian hair cell regeneration (34) . Prestin and VGLUT3 began to be expressed at P9. Prestin was not observed in a study of Atoh1 overexpression in mouse cochlea (26) , but in another study, Atoh1 overexpression induced myosin VIIa-positive cells with physiological properties reminiscent of hair cells (19) . The comparison between one-and two-allele stabilization showed that the activity of β-catenin was level-dependent. Increased proliferation was seen in both cases, but cell fate determination was favored at lower levels, and proliferation took precedence over cell fate determination at higher levels. Previous work has shown that Wnt signaling is required for development of the telencephalon but that signaling modulation to a lower level is necessary for development of the head (35) . Proliferation may be inhibitory for differentiation, or other signals may be needed to fully differentiate these cells. It could be speculated that Notch signaling, in the absence of damage, prevented differentiation. Wnt/β-catenin signaling could function as an initial cue for induction of the hair cell lineage, which occurs through its role in Atoh1 stimulation (15) , and our recent data on hair cell differentiation after forced expression of β-catenin favor this interpretation (14) . However, although we did not rule out β-catenin-independent hair cell maturation, differentiation to hair cells was not seen after supporting cell proliferation resulting from manipulation of cell cycle genes, such as p27 Kip1 or Rb (26, 36) . Wnt pathway activation as a route to proliferation of supporting cells, followed by differentiation of hair cells, is consistent with a dual role for β-catenin in cochlear progenitor cells identified by the adult stem cell marker Lgr5. The marker was found in a subset of cochlear supporting cells that included inner pillar cells, the third row of Deiters' cells, and the cells surrounding the inner hair cell and GER, and the cells selected for Lgr5 expression had an increased capacity for hair cell generation compared with unsorted supporting cells (14) . Purified postmitotic supporting cells that expressed Lgr5 differentiated into hair cells at significantly higher rates than unfractionated cells, and Lgr5-negative cells did not give rise to hair cells. Lgr5 is expressed in cells outside the sensory epithelium, in the outer sulcus at P1 and at the spiral prominence at P4 (14) , and may confer competence to become hair cells after Atoh1 induction (19) . Lgr5 was first described as a stem cell marker for intestinal epithelial cells and has since been demonstrated as a marker of the stem cell compartment in the stomach and hair follicles (16, 17, (37) (38) (39) . Lgr5 has been identified as a receptor for R-spondins, which activate the Wnt signaling pathway through an interaction between Lgr5 and frizzled-Lrp5/6. R-spondin administration to Lgr5-positive stem cells potentiated Wnt responsiveness by as much as 100-fold. Conditional deletion of Lgr5 led to the disappearance of stem cells, and expression of the Wnt agonist R-spondin-1 led to an expanded Lgr5-positive cell population in crypts (37, 40) . Expansion of the β-catenin-overexpressing cells seen here is reminiscent of the phenotype seen after Wnt overexpression or activation of β-catenin in the epithelial cells lining the intestine (37) . Lgr5 has been shown to be lost upon the maturation of transit-amplifying cells from intestinal epithelial stem cells (41) , and the decrease of Lgr5 in the maturing cells in the cochlea was therefore consistent with Lgr5 acting as a marker for the stem cell compartment. The ability to replace lost cells by cell division and differentiation is a characteristic of adult tissue stem cells that regenerate damaged tissues.
β-Catenin expression serves to single out stem cells: indeed, in numerous tissues, forced expression of Wnt specifically expands adult stem cells, unlike knockout of other cell cycle genes, such as p27 Kip1 and Rb, which induce cell cycle reentry of all of the cells in which they are silenced (27, 42) . In retinal progenitor cells of the ciliary margin, progenitor populations display a selective response to β-catenin signaling even when up-regulation is induced broadly (43) . To test whether Wnt pathway activation specifically affected Lgr5-expressing cells, we assessed cell cycle reentry when β-catenin was expressed in all (Sox2-positive) supporting cells. β-Catenin overexpression in Sox2-expressing cells was restricted in its effect to Lgr5-positive inner pillar cells. The correlation between expression of Lgr5 and responsiveness to β-catenin is incomplete, because inner pillar cells responded to β-catenin in our model, but the third row of Deiters' cells was unaffected. At the base of intestinal crypts, three to four cells expressing Lgr5 are separated by Paneth cells (17) , and it remains unknown whether they respond equally to Wnt (37) . Our data support the identification of the Lgr5-expressing cells as progenitor cells (14) . Another study that showed a proliferative effect of β-catenin on Lgr5-positive cells failed to generate new hair cells (13) , likely due to use of the Lgr5-Cre-ER, which is also a heterozygous knockout of Lgr5, because the reporter and Cre disrupt the coding sequence. In addition, the irregular pattern of cell expansion in sensory epithelium after Lgr5-Cremediated overexpression, attributed to heterogeneity of the cells (13) , was more likely due to incomplete penetrance of Cre expression in the Lgr5-Cre-ER strain used (17) .
Although the current study establishes a role of Wnt signaling in hair cell generation in vivo, other pathways play important roles (20) (21) (22) . Manipulation of signaling through the Wnt/ β-catenin pathway may provide a way to mimic routes to progenitor cell proliferation and differentiation occurring in birds and fish, where the Wnt pathway is needed for hair cell regeneration (44) . Supporting cells in the mammalian organ of Corti share markers and signaling pathways with lower-vertebrate supporting cells. The responsiveness to β-catenin overexpression was not seen beyond the perinatal period, however. This could be due to decreased expression of Lgr5 in the adult, and it will be useful to determine whether the Wnt pathway could lead to regeneration under other conditions, such as after damage, which can spontaneously activate the Wnt pathway. Stimulation of both cell division and differentiation by Wnt/β-catenin may be an avenue to replacement of cochlear hair cells, a sought-after goal for treatment of hearing loss, which is commonly caused by loss of hair cells in humans. Unlike hair cell replacement by transdifferentiation that might deplete the inner ear of supporting cells, regeneration through the up-regulation of β-catenin could replace both hair cells and supporting cells. Constitutive Expression of β-Catenin in Vivo. Sox2-Cre-ER mice, Lgr5-GFP-IRESCre-ER mice, or Gfi1-Cre mice were mated with β-catenin flox(exon3) :Atoh1-nGFP mice. One hundred microliters tamoxifen dissolved in corn oil (50 mg/ mL) was given to the mothers of the compound transgenic mice and passed to P1 pups via the milk to generate the β-catenin Δexon3 mice. Mouse pups were killed at P5 or P9. Ten microliters BrdU or Edu (5-ethynyl-2′-deoxyuridine, 10 mg/mL) was given to the pups by s.c. injection on the back, twice a day for 4 continuous days. A mixture of 100 μL tamoxifen (50 mg/kg in corn oil) and 0.1 μL estradiol (50 mg/kg in ethanol) was given to the pregnant mice to activate Cre in embryos at E16.5, and the mouse pups were killed at birth. Pups were genotyped for both Cre and β-catenin flox(exon3) . For activation of Cre in P44 mice, tamoxifen (50 mg/mL) was given twice a day for 3 continuous days along with EdU (10 mg/mL). Cochleae were dissected and immediately fixed for 20 min with 4% paraformaldehyde (PFA; Electron Microscopy Sciences). The organ of Corti was isolated, separated from the stria vascularis, and fixed further in 4% PFA for 30 min. Alternatively, cochleae were fixed for 2 h with 4% PFA, dehydrated overnight with 30% sucrose, and embedded in optimal cutting temperature for cryosection. Serial sections (16 μm) were mounted on UltraStick Gold Seal glass slides (Becton Dickinson).
Histology and Immunostaining. Antibodies used in this study were against myosin VIIa (1:800; Proteus), Sox2 (1:500; Santa Cruz), Prox1 (1:200; Chemicon), p27 Kip1 (1:200; NeoMarkers), prestin (1:400; Santa Cruz), VGLUT3 (1:10,000; Chemicon), BrdU (1:100; ABD Serotec), β-catenin-Y489 (1:100; DSHB), and GFP (1:1,000; Invitrogen). Species-specific Alexafluor-conjugated secondary antibodies were used for detection (1:500; Invitrogen).
Cochleae of TOPGAL mice were fixed in 4% PFA or 0.5 μM glutaraldehyde for 1 h. The tissues were washed twice with 2 mM MgCl 2 in PBS for 5 min each at room temperature and incubated in X-Gal and X-Gal mixer (1:40; X-Gal mixer: 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 3 H 2 O, 0.01% sodium deoxycholate, 0.2% Nonidet P-40, and 2 mM MgCl 2 in 1× PBS) for 1 h at 37°C.
To detect cell proliferation, the organ of Corti whole-mount was treated with 2 M HCl for 30 min at 37°C before staining with BrdU and other indicated antibodies. Incorporated EdU was detected with Alexafluor azide using Click-iT EdU Image kits (Invitrogen) according to the manufacturer's protocol before immunostaining. Sections and whole mounts were analyzed using a Leica TCS SP5 confocal microscopy. The organ of Corti was scanned in the z planes followed by the y plane at the indicated x-z line.
To detect active mechanoelectrical transduction channels, 5 μM FM 1-43 was incubated with the freshly dissected organ of Corti for 2 min. The tissue was then washed three times with PBS before fixation and confocal microscopy.
Cell Counting. Atoh1-or myosin VIIa-positive hair cells in the pillar cell region were manually counted with Image J software (National Institutes of Health) from the entire cochlear whole mount. The number of pillar cells was counted on single sections of the cochlea. Cell counts for the β-catenin-expressing group were compared with those for littermates without β-catenin overexpression and were analyzed by the Student t test.
